Introduction
============

Posterior capsule opacification (PCO) is the most common postoperative complication following cataract surgery ([@b1-mmr-16-04-4008]) The incidence of adult PCO is \>25% in the first 5 years postoperatively ([@b2-mmr-16-04-4008]) Pediatric patients are reported to have a higher incidence of PCO, because the lens epithelial cells of children grow faster, therefore they are also more likely to undergo increased migration, proliferation and fibrosis in the posterior capsule ([@b3-mmr-16-04-4008]). PCO is mainly caused by the epithelial-mesenchymal transition (EMT), migration and proliferation of remnant lens epithelial cells (LECs) following cataract surgery ([@b4-mmr-16-04-4008],[@b5-mmr-16-04-4008]). EMT refers to the process that polarized epithelial cells transform to mesenchymal cells via multiple biochemical changes. The EMT process therefore results in a loss of cell adhesion molecules, such as E-cadherin, and an increase of mesenchymal cell markers, such as Vimentin ([@b6-mmr-16-04-4008]). EMT serves a critical role in embryonic development, fibrosis disease, chronic inflammation, pathological wound healing and cancer progression and metastasis ([@b7-mmr-16-04-4008]). Despite previous studies on the cell proliferation and EMT of LECs, the underlying mechanisms of how LECs change into lens fibers following surgery remain largely unknown. A previous study has demonstrated that the lens has a unique pattern of circulating electric currents, which exit at the lens equator and enter at both poles, serving as an internal circulatory system ([@b8-mmr-16-04-4008]). It is hypothesized that this endogenous electric field (EF) provides a stable internal circulatory system in order to maintain the lens clarity and homeostasis ([@b8-mmr-16-04-4008],[@b9-mmr-16-04-4008]). Previous findings have suggested that electrical signals lead to distortion, migration, and orientation of LECs, and even regulate LEC division ([@b10-mmr-16-04-4008]--[@b12-mmr-16-04-4008]). However, the cataract surgery removes a large part of the anterior lens capsule and the lens nucleus, which changes the inward electrical currents at the anterior lens surface and significantly disrupts the normal electric current pattern. This abnormal electrical signal may trigger LEC migration and proliferation, and eventually the formation of PCO ([@b13-mmr-16-04-4008],[@b14-mmr-16-04-4008]). Furthermore, several studies have reported that there is a strong association between the integrin signaling pathway, EMT and the development of fibrotic lens disease ([@b15-mmr-16-04-4008]--[@b17-mmr-16-04-4008]).

The present study therefore tested the hypothesis that changes in EF may be an important inducer of EMT in LECs, and that integrin signaling pathways may be involved in the regulation of this process. The results revealed that EF induced EMT in LECs and elicited the activation of integrin-focal adhesion kinase (FAK) signaling. Blocking of integrin β1 prevented FAK activation and EMT in LECs following EF exposure, while blocking of FAK had no effect. The results of the present study may provide novel insights for the treatment of patient with PCO.

Materials and methods
=====================

### Cell culture

The human lens epithelial (HLE)-B3 cell line was obtained from Zhong Shan Ophthalmic Center of Sun Yat-Sen University (Guangzhou, China). The cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 12.5% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 100 IU/ml penicillin and 100 µg/ml streptomycin, at 37°C in a 5% CO~2~ incubator. The medium was replaced every 2--3 days. Cells were incubated overnight for single-cell experiments, while to form a confluent monolayer, cells were incubated for 2--3 days. For functional blocking of integrin β1 subunit, HLE-B3 cell suspensions were incubated with 10 µg/ml of the function blocking antibody MAB1965 (EMD Millipore, Billerica, MA, USA) for 1 h at 37°C. In order to block FAK phosphorylation, a novel small molecule inhibitor of FAK was used, PF-573,228 (Tocris Bioscience, Bristol, UK) ([@b18-mmr-16-04-4008],[@b19-mmr-16-04-4008]). The cells were incubated with 10 µM PF-573,228 for 1 h at 37°C.

### EF application

The cells were exposed to an EF as described by Han *et al* ([@b20-mmr-16-04-4008]) and Zhao *et al* ([@b21-mmr-16-04-4008]). Briefly, 2 parallel strips of glass coverslip 2.2 cm-long were fixed 10 mm apart to the base of a tissue culture dish with silicone grease (DC4; Dow Corning, Midland, MI, USA). Cells were cultured in monolayer in the area between the 2 parallel strips of glass coverslip. A cover glass lid was applied to the shallow culture trough and sealed with silicone grease to create a chamber (22×10×0.3 mm). Agar-salt bridges of \~15 cm long were used to connect silver/silver chloride electrodes in salt solution to prevent the electrolytic products into the cultures. No significant fluctuation in field strength was observed. The cells were exposed to a 100 mV/mm EF for 24 h at 37°C in 5% CO~2~ incubator. Control cells were treated identically except for they were not exposed to EF.

### Confocal fluorescence microscopy analysis

Following exposure to EF, the cells were washed three times with PBS and fixed with 4% paraformaldehyde for 20 min at room temperature. The coverslips were washed three times with PBS and blocked with 10% normal goat serum (Beyotime Institute of Biotechnology, Haimen, China) in 0.1% Triton X-100/PBS for 2 h at 4°C, then incubated with rabbit anti-human integrin β1 antibody (1:300; cat no. SAB4300655; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), rabbit anti-human Vimentin antibody (1:300; cat no. sc-7557; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), or rabbit anti-human E-cadherin antibody (1:100; cat no. SAB4503751; Sigma-Aldrich; Merck KGaA) for 2 h at 4°C. Following washing, the cells were incubated with goat anti-rabbit antibodies conjugated with Cy3 (1:300; cat no. GB21303; Jingke Huaxue, Shanghai, China) for 1 h at room temperature and washed three times with PBS. The nuclei were stained with 0.5 µg/ml DAPI (Sigma-Aldrich; Merck KGaA) for 10 min at room temperature. Finally, images were captured with a confocal microscope (FV-1000; Olympus Corporation, Tokyo, Japan).

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Total RNA (5 µg) was reverse transcribed into cDNA using SuperScript II reverse transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. The reaction volume was 20 µl. RNA and primers were mixed in a 12 µl volume and denatured for 5 min at 65°C. Then, RT buffer, RNase inhibitor, dNTPs and Revert Aid Reverse Transcriptase were added to a total volume of 20 µl. The mixture was incubated for 60 min at 42°C, followed by 5 min at 25°C. The reaction was terminated by incubation at 70°C for 5 min. qPCR was performed using SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd., Dalian, China). The reaction mixture contained 2X SYBR mixture, PCR forward primer, PCR reverse primer, cDNA and dH~2~O in a total volume of 20 µl. Reactions were performed on an Agilent Mx3005P QPCR system (Agilent Technologies, Inc., Santa Clara, CA, USA). Thermocycling conditions were as follows: Initial denaturation at 95°C for 10 min, followed by 35 cycles at 95°C for 15 sec, at 62°C for 30 sec and at 72°C for 50 sec. GAPDH was used as an internal control. Relative gene expression was calculated according to the comparative Cq method ([@b22-mmr-16-04-4008]) and normalized to GAPDH expression. The sequences of the primers used for qPCR are listed in [Table I](#tI-mmr-16-04-4008){ref-type="table"}.

### Western blotting

The cells were lysed with radioimmunoprecipitation assay buffer on ice for 1 h and centrifuged at 14,000 × g for 30 min at 4°C. The supernatant was then harvested and the protein concentration was determined using the bicinchoninic acid protein assay. Equal amounts of extracted protein samples (50 µg) were separated by 12% SDS-PAGE and transferred onto polyvinylidene fluoride membranes. Membranes were blocked with 8% skimmed milk for 1 h at room temperature and then were incubated at 4°C overnight with antibodies against integrin β1 (1:1,000; cat no. SAB4300655; Sigma-Aldrich; Merck KGaA), Vimentin (1:1,000; cat no. sc-7557; Santa Cruz Biotechnology, Inc.), E-cadherin (SAB4503751) (1:1,000; Sigma-Aldrich; Merck KGaA), FAK (1:1,000; cat no. 3285; Cell Signaling Technology, Inc., Danvers, MA, USA), phosphorylated (p)FAK \[pY-397\] (1:1,000; cat no. D20B1; Cell Signaling Technology, Inc.), and GAPDH (1:1,000; cat no. SAB2100894; Sigma-Aldrich; Merck KGaA). Membranes were then washed with TBS containing 0.1% Tween-20, and subsequently incubated with secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibodies (1:5,000; cat no. CW0103S; CWBIO, Beijing, China) at 37°C for 1 h, followed by color development using the Immobilon Western Chemiluminescent HRP substrate (EMD Millipore) and observation under a chemiluminescence analyzer (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Blots were semi-quantified by densitometry using Adobe Photoshop software version 2015 (Adobe Systems, Inc., San Jose, CA, USA).

### Statistical analysis

All experiments were repeated at least three times independently. Data are expressed as the mean ± standard deviation. Statistical analysis was performed with GraphPad Prism software version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). The statistical significance of the differences between groups was assessed using one-way analysis of variance followed by Tukey\'s post hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### EF induces morphologic changes in HLE-B3 cells

Untreated HLE-B3 cells exhibited an appearance of polygon monolayer or cuboidal shape when examined by microscopy analysis ([Fig. 1A](#f1-mmr-16-04-4008){ref-type="fig"}). However, the cells lost their epithelial cell morphology and acquired a mesenchymal appearance starting at 6 h of EF exposure ([Fig. 1B](#f1-mmr-16-04-4008){ref-type="fig"}). The EF-exposed cells appeared elongated and exhibited a fibroblast-like appearance with a long spindle-shape and larger intercellular spaces ([Fig. 1B](#f1-mmr-16-04-4008){ref-type="fig"}).

### Effect of EF on expression of E-cadherin and Vimentin in HLE-B3 cells

EMT is characterized by loss of epithelial makers, such as E-cadherin, and replacement by mesenchymal markers, such as Vimentin ([@b23-mmr-16-04-4008]). HLE-B3 cells were exposed to an EF of 100 mV/mm for 24 h, and then the levels of E-cadherin and Vimentin were examined by immunofluorescence. The results revealed that EF exposure decreased the expression of the epithelial marker E-cadherin, while it increased the expression of the mesenchymal marker Vimentin ([Fig. 2A](#f2-mmr-16-04-4008){ref-type="fig"}). The mRNA expression levels of E-cadherin and Vimentin were also examined by RT-qPCR, and the results confirmed a significant shift of gene expression from a pattern characteristic of epithelial cells to that of mesenchymal cells in HLE-B3 cells following 24 h of EF exposure. The mRNA expression levels of E-cadherin decreased to 35% (P\<0.01) and the mRNA expression of Vimentin increased by 90% (P\<0.01) compared with control ([Fig. 2B](#f2-mmr-16-04-4008){ref-type="fig"}). At the protein expression level, E-cadherin protein levels decreased by \~70% (P\<0.01) and Vimentin protein levels increased by approximately \~400% (P\<0.01) compared with control ([Fig. 2C](#f2-mmr-16-04-4008){ref-type="fig"}).

### EF exposure promotes integrin β1 expression and FAK activation in HLE-B3 cells

Results from immunofluorescence analysis revealed that EF exposure increased the expression of integrin β1 in HLE-B3 cells compared with control cells ([Fig. 3A](#f3-mmr-16-04-4008){ref-type="fig"}). RT-qPCR analysis confirmed that exposure to EF for 24 h stimulated an increase in the mRNA expression of integrin β1 in HLE-B3 cells by 3.35-fold, compared with control cells (P\<0.01; [Fig. 3B](#f3-mmr-16-04-4008){ref-type="fig"}). Finally, the protein expression levels of integrin β1 were examined as well, and an increase of \~4.43-fold was observed following EF exposure for 24 h compared with control cells (P\<0.01; [Fig. 3C](#f3-mmr-16-04-4008){ref-type="fig"}). Because activation of FAK is one of the key events in the integrin signaling cascade, phosphorylation of FAK in the HLE-B3 cells following exposure to EF was examined by western blot analysis. Exposure to EF for 6, 12 and 24 h, while not affecting the levels of total FAK protein, resulted in a significant increase in the levels of pFAK by 2.09-fold (P\<0.05), 2.84-fold (P\<0.01) and 4.07-fold (P\<0.01), respectively, compared with control cells ([Fig. 3C](#f3-mmr-16-04-4008){ref-type="fig"}).

### Inhibition of integrin β1 affects abolishes the EF-induced EMT

To further explore the role of integrin β1 and FAK in the EF-induced EMT in HLE-B3 cells, the integrin β1 specific blocking antibody MAB1965, and the small molecule inhibitor of pFAK PF-573,228, were used in the present study. When HLE-B3 cells were pretreated with MAB1965, EF exposure failed to affect their cell morphology, and the cells retained their epithelial-like cuboidal shape ([Fig. 4A](#f4-mmr-16-04-4008){ref-type="fig"}). Notably, the EF-induced changes in the protein expression levels of E-cadherin, Vimentin and the ratio of pFAK/FAK were almost completely reversed by MAB1965 pretreatment to the levels of the control untreated cells ([Fig. 4B](#f4-mmr-16-04-4008){ref-type="fig"}). By contrast, PF-573,288 pretreatment did not attenuate the EF-induced effects. Cells pretreated with PF-573,288 exhibited a fibroblast-like morphology following EF exposure, similar to the EF-exposed cells alone ([Fig. 5A](#f5-mmr-16-04-4008){ref-type="fig"}). Furthermore, the protein expression levels of E-cadherin, Vimentin and integrin β1 were not affected by PF-573,288 pretreatment compared with the EF-exposed cells alone ([Fig. 5B](#f5-mmr-16-04-4008){ref-type="fig"}).

Discussion
==========

Previous studies have reported that EFs have various effects on ocular cell behavior, including cell migration, division and proliferation ([@b8-mmr-16-04-4008],[@b11-mmr-16-04-4008],[@b24-mmr-16-04-4008],[@b25-mmr-16-04-4008]). Wang *et al* ([@b12-mmr-16-04-4008]) observed that LECs expanded and flattened in an applied EF. They proposed that EF may sequester growth factors, such as the fibroblast growth factor, and thus create gradients involved in EMT ([@b12-mmr-16-04-4008]). In the present study, HLE-B3 cells were demonstrated to exhibit an elongated and fibroblast-like cell morphology following exposure to EF, confirming that EF can induce morphological changes in LECs under certain conditions. The results also demonstrated that expression of the epithelial marker E-cadherin was downregulated, while expression of the mesenchymal marker Vimentin was upregulated in HLE-B3 cells following EF exposure, suggesting that EF may induce EMT in LECs.

Previous studies have suggested that integrin β1 signaling may serve an important role in EMT. The engagement of integrin β1 with collagen type I results in loss of E-cadherin and indirect upregulation of N-cadherin, which directly leads to EMT ([@b26-mmr-16-04-4008],[@b27-mmr-16-04-4008]). It has been reported that expression of integrin β1 is increased in the kidneys of patients with chronic tubulointerstitial fibrosis, and that blockage of integrin β1 signaling in an animal model of unilateral ureteral obstruction alleviates renal fibrosis ([@b28-mmr-16-04-4008]). A previous study from our group has demonstrated that EF-induced migration in retinal pigment epithelial cells may involve the upregulation of integrin β1 subunit and the activation of FAK ([@b29-mmr-16-04-4008]). The present study demonstrated that the expression of integrin β1 was upregulated by EF exposure, and that the blockage of integrin β1 significantly inhibited the expression of EMT markers in HLE-B3 cells. Taken together, the present results suggest that integrin signaling might be a critical mediator in the EMT transformation induced by EF.

Integrins are a large family of transmembrane, adhesion molecules on the cell surface. Their binding to components of the extracellular matrix and subsequent activation requires the action of kinases to enable signal transduction. FAK is a non-receptor tyrosine kinase, whose phosphorylation and tyrosine protein kinase activity is triggered by integrin clustering and ligation to initiate signal transduction ([@b30-mmr-16-04-4008],[@b31-mmr-16-04-4008]). In the present study, blocking of integrin β1 reduced the activation of FAK and inhibited EMT in HLE-B3 cells following EF exposure. These results further demonstrated a functional relationship between integrin β1 and FAK in response to EF exposure. However, blockage of FAK with the PF-573,288 specific inhibitor did not attenuate the EF-induced EMT in HLE-B3 cells, suggesting that downstream regulators other than FAK may be involved in the role of integrin β1 in the EF-induced EMT. It is known that EMT is regulated by a variety of signals. For example, it has been reported that integrin β1 induces EMT through activating transforming growth factor-β ([@b32-mmr-16-04-4008],[@b33-mmr-16-04-4008]). Therefore, the present results indicated that the EF-induced EMT in LECs may be mediated through, but not limited, the integrin β1-FAK signaling pathway.

In conclusion, EF exposure induced EMT in HLE-B3 cells, which may partially be mediated through activation of integrin β1-FAK signaling. EFs may therefore be crucial regulators of LEC behavior via inducing EMT following cataract surgery. Clinically, inhibition of this effect may provide new insights into the treatment of PCO.
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![EF exposure induces morphological changes in HLE-B3 cells. (A) HLE-B3 cells exhibited a cobblestone-like morphology in the absence of EF. (B) The cells were exposed to an EF of 100 mv/mm for 6, 12 and 24 h. Following EF exposure, the cells appeared larger and elongated, with a fibroblast-like or long spindle-shaped morphology, compared with untreated cells. Scale bar, 25 µm. EF, electric field; -, cathode; +, anode.](MMR-16-04-4008-g00){#f1-mmr-16-04-4008}

![EF exposure promotes expression of EMT markers in HLE-B3 cells. Cells were examined for expression of E-cadherin and Vimentin, without (control) or with (EF) exposure to an EF of 100 mV/mm. (A) Immunofluorescent staining of EMT markers (red) following 24 h EF exposure. Nuclei were counterstained with DAPI (blue). Scale bar, 25 µm. (B) Reverse transcription-quantitative polymerase chain reaction analysis following 6, 12, and 24 h EF exposure. (C) Western blot analysis following 6, 12, and 24 h EF exposure. Data were presented as mean + standard deviation. \*P\<0.05 and \*\*P\<0.01 vs. control. EF, electric field; EMT, epithelial-mesenchymal transition; -, cathode; +, anode.](MMR-16-04-4008-g01){#f2-mmr-16-04-4008}

![EF exposure activates integrin β1/FAK signaling. (A) Immunofluorescent staining for integrin β1 (red) in control group and EF-treated group for 24 h. Nuclei were counterstained with DAPI (blue). Scale bar, 25 µm. (B) Reverse transcription-quantitative polymerase chain reaction analysis of integrin β1 mRNA expression levels following 6, 12, and 24 h EF exposure. (C) Western blot analysis for the protein expression levels of integrin β1, pFAK and total FAK following 6, 12, and 24 h EF exposure. Data were presented as mean + standard deviation. \*P\<0.05 and \*\*P\<0.01 vs. control. EF, electric field; FAK, focal adhesion kinase; p, phosphorylated; -, cathode; +, anode.](MMR-16-04-4008-g02){#f3-mmr-16-04-4008}

![Effect of integrin β1 inhibition on EF-induced EMT. (A) Cell morphology was observed by microscopy in HLE-B3 cells following EF exposure, with or without pretreatment with the integrin β1 function blocking antibody MAB1965. Scale bar, 25 µm. (B) Western blot analysis of HLE-B3 cells following EF exposure, with or without pretreatment with MAB1965. Data were presented as mean + standard deviation. \*\*P\<0.01, with comparisons indicated by lines. EF, electric field; EMT, epithelial-mesenchymal transition; p, phosphorylated; FAK, focal adhesion kinase; -, cathode; +, anode.](MMR-16-04-4008-g03){#f4-mmr-16-04-4008}

![Effect of FAK inhibition on EF-induced EMT. (A) Cell morphology was observed by microscopy in HLE-B3 cells following EF exposure, with or without pretreatment with the pFAK specific inhibitor PF-573,288. Scale bar, 25 µm. (B) Western blot analysis of HLE-B3 cells following EF exposure, with or without pretreatment with PF-573,288. Data were presented as mean + standard deviation. \*\*P\<0.01, with comparisons indicated by lines. FAK, focal adhesion kinase; EF, electric field; EMT, epithelial-mesenchymal transition; p, phosphorylated; -, cathode; +, anode.](MMR-16-04-4008-g04){#f5-mmr-16-04-4008}

###### 

Sequences of primers used for reverse transcription-quantitative polymerase chain reaction.

  Gene          NCBI accession no.   Primer    Sequence (5′-3′)          Product size (bp)
  ------------- -------------------- --------- ------------------------- -------------------
  E-cadherin    NM_001317186.1       Forward   CAAGCAGCAGTACATTCTA       148
                                     Reverse   CACTTCCACTCTCTTTTC        
  Vimentin      NM_003380.3          Forward   AATGGCTCGTCACCTTCG        225
                                     Reverse   CTAGTTTCAACCGTCTTAATCAG   
  Integrin β1   NM_002211.3          Forward   GCCTTACATTAGCACAACACC     284
                                     Reverse   CATCTCCAGCAAAGTGAAACC     
  GAPDH         NM_001289746.1       Forward   GTCGGAGTCAACGGATTT        277
                                     Reverse   ACTCCACGACGTACTCAG        
